T. Yamada, T. Narita, T. Shioda, S. Okabe, and E. [1] . They demonstrated that the measured induced voltages agreed fairly well with those calculated from the measured lightning current assuming perfectly conducting ground. Recently, Barker et al. [2] also showed that measured induced voltages, associated with a triggered lightning stroke 145 m away, agreed well with those calculated from measured electric and magnetic fields assuming perfectly conducting ground.
Some measurements reported that ground conductivity played an important role in generating induced voltages on a distribution line [3] [4] [5] [6] . Georgiadis et al. showed that measured induced voltages at both ends of a test line, associated with a return stroke beyond 5 km, agreed with calculations by taking account of finite ground conductivity, where adopted inducing sources, namely the vertical and horizontal electric fields, were evaluated from measured magnetic fields [4] . Rubinstein et al. reported discrepancy between the measured and calculated induced voltages on a test line at 20 m from the triggered lightning [6] . Rachidi et al. developed a method of analysis of induced voltage influenced by a dart leader and a return stroke [7] , and showed that the leader-induced voltage is only a fraction of the ensuing return stroke-induced voltage for the case reported by Rubinstein et al. [6] .
The coupling model between a lightning channel and an overhead line has been argued, and the authors have demonstrated that numerical analysis based on the Agrawal's model [8] could successfully reproduce experimental results obtained from a reduced-scale model on finitely conducting ground [9] . The importance of ground conductivity affecting lightning-induced voltages has been manifested by analyses and experiments [3] , [9] . In experiments using small-scale models [9] , a lightning channel was simulated by a conducting wire, either vertical or slant. In those cases, the current on the simulated channel behaves like that in a transmission-line model (TLM) [10] , whereas in an actual lightning channel, the current flowing in it may not be represented by such a simple model. The method of analysis of induced voltages developed by the authors is capable of handling various lightning stroke models, once the distribution of the current along the lightning channel is defined. The only unknown, therefore adjustable, element in the authors' model is electrical property of ground.
Simultaneous measurement of induced voltages and the lightning current was carried out and the results were compared with calculations. In the analysis, reflection and refraction of current waves at the top and bottom of the stack were taken into account. The validity of the employed return-stroke models is discussed, based on the comparison between calculated and measured results.
II. MEASUREMENT
Measurement was carried out in winter, from December 1993 to March 1997, on the reclaimed land from the Sea of Japan. Fig. 1 shows the plan view of the measuring site. Both ends of a 300-m long test distribution line 11 m in height and 5 mm in diameter were grounded through 400-resistors. The earthing resistance evaluated at a low frequency was about 10 . The induced-voltage waveforms were measured at both ends using 20-k resistive voltage dividers. The distance from the closer end (Point A) of the line to a 200-m high stack was 375 m. The farther end of the line from the stack (Point B) was 35 m from the seawall. The lightning current was measured by a current shunt at the top of the stack [11] . The output of the current shunt was transmitted by an optical link and was recorded by two independent digital recorders.
The frequency range in the measurement of the induced voltage was limited by the optical link and was from dc to 30 MHz. The recording system was triggered by induced voltage at Point A, and the threshold was 68 kV in most of the period. The measuring system had a clock with the precision of 10 ms. Lightning striking the stack was identified by the recorded current waveforms with time stamps. the first system [11] , which was independently triggered. Although the amplitude of the noise, dependent on the steepness of the step, is sometimes higher than the half of the amplitude of the step, it is less than 15% and 5% of the step amplitude at t = 0 and 4 s, respectively.
III. MEASURED WAVEFORMS
In Figs. 2-4 , the initial polarity of the induced-voltage waveforms at Point A, the closer end to the stack, is opposite to the polarity of the induced voltage at Point B, the farther end from the stack. This is one of the prominent characteristics of induced-voltage waveforms influenced by finite ground conductivity [3] .
The rise time of the current waveform in Fig. 2 was a few hundred nanoseconds, and was a few microseconds in Figs. 3 and 4 . In the current waveform shown in Fig. 2 , a second peak can be observed at 1.3 s after the first peak. This was generated by reflection of the current wave at the bottom of the stack [12] [13] [14] [15] [16] . Such influence of the reflected current waves is not evident in Figs. 3(a) and 4(a) , because they superpose on the wave front whose duration was longer than the two-way travel time along the stack.
IV. CALCULATION OF INDUCED VOLTAGE FROM MEASURED CURRENT WAVEFORM

A. Method of Analysis
In the analysis of the measured induced voltages, the Agrawal's field-to-line coupling model [8] is adopted where the vertical and horizontal electric fields are looked upon as inducing sources. In the calculation of inducing fields, the lightning channel is decomposed, and each segment is represented by a current dipole having complex magnitude in the frequency domain. The complex magnitude of each dipole is calculated from the postulated model of a lightning stroke. The electric fields produced by dipoles in the frequency domain are calculated through the Norton's approximation. The solution of fields and induced voltages in the frequency domain is synthesized in the time domain. This method of analysis is the same as described in [3] . The fields produced by the current flowing in the stack are similarly calculated after the spatial and temporal distribution of the current is determined as described in the next section.
B. Model of Lightning Stroke to 200-m High Stack
To estimate spatial and temporal distribution of the lightning current along the current path from the measured current at the top of the stack, the authors employed a model composed of an equivalent circuit of the stack connected to a lightning channel. For simplicity, the connecting point is postulated to be at the top of the stack, and the so-called decontaminated current waves having the same magnitude and opposite polarities launch upward and downward from this point. Fig. 5 illustrates this model. The stack is regarded as a simple loss-less transmission line having frequency-independent surge impedance. The lightning channel is assumed to have frequency-independent surge impedance, and the grounding impedance of the stack is represented by the equivalent circuit shown in Fig. 5 . Inductance in the equivalent circuit is introduced to simulate the time variation of apparent footing impedance originating from the transient nontransverse EM field [17] .
From Fig. 2(a) , the reflection coefficient at the top of the stack and the reflection coefficient at the bottom in the high frequency range are calculated to be about 00.6 and 0.4, respectively. If the surge impedance of the high structure is assumed to be a constant of 250 , impedance of the lightning channel and R1 in Fig. 5 , representing the initial footing impedance, is estimated to be 1k and 100 , respectively. R 2 in Fig. 5 representing the earthing impedance in the low-frequency range is 10 . The value of L in Fig. 5 is estimated so that the waveform of the postulated decontaminated current for the measured current waveform of Fig. 2(a) is smooth. The current waveforms used in the analysis are piecewise-linear approximations to the measured waveforms and an example for the case of Fig. 2(a) is shown in Fig. 6 as well as the postulated decontaminated waveforms for various values of L. Inductance higher than 0.3 mH yields smooth decontaminated waveforms. The minimum value, 0.3 mH, corresponding to the time constant of 2.7 s for the equivalent circuit of the footing impedance, is adopted because, according to a numerical analysis [17] , the initially high-footing impedance settle to its low-frequency value in several round-trip times of the electromagnetic wave along a high structure.
A current wave, propagating in the stack at the speed of light, is reflected and refracted at the top and the bottom. The lightning channel is assumed vertical to ground, and either the TLM [10] , or the traveling current-source model (TCSM) [18] is tested to evaluate the current distribution along a lightning channel. The velocity of the return stroke in the assumed return stroke model is 100 m=s [19] .
At TCSM, a traveling current source moves up from the top of the stack, and a current wave is assumed to travel at the speed of light. In the original TCSM, the reflection of a current wave at the bottom of Fig. 6 . Piecewise-linear approximation to the measured current shown in Fig. 2(a) and decontaminated current for various value of in Fig. 5 . Assumed value is shown in parenthesis.
(a) (b) Fig. 7 . Distribution of the lightning current along the channel evaluated for the case shown in Fig. 2 by using (a) TLM or (b) TCSM, respectively. The velocity of a return stroke is assumed to be 100 m s. the lightning channel is not assumed. This assumption is modified so that reflection at the junction between the lightning channel and the stack occurs. At the upper end of the lightning channel, however, it is assumed that reflection does not occur, because the steep current waveform in Fig. 2 does not show such multiple reflection. Fig. 7 shows the current distribution along the lightning channel estimated by using: (a) TLM or (b) TCSM, respectively. The temporal and spatial distribution of the current along the stack is the same, regardless of the adopted models of a return stroke. This is because reflection does not occur at the upper end of the lightning channel at the adopted TCSM. 
V. CALCULATED RESULT
Figs. 8 and 9 show induced-voltage waveforms calculated by using TLM or TCSM, respectively, as well as measured waveforms in Fig. 2(b) . Ground conductivity is more influential on the induced-voltage waveforms at the farther end from the stack than those at the closer end. The calculated voltage waveforms at the both ends agree with measurements when ground conductivity is assumed to be about 10 mS/m, irrespective of the adopted models of a return stroke. This relatively high soil conductivity may be because the site is on a reclaimed land close to the shoreline as seen in Fig. 1 . Fig. 10 shows voltage waveforms at the both ends of the test line calculated by using a model in which a lightning channel directly attaches to ground and the distribution of the lightning current follows TLM. By comparing Figs. 8 and 10 , the influence of the stack on the induced-voltage waveforms is evident.
Good agreement between measurement and calculation demonstrates usefulness of the equivalent circuit of the earthing impedance of the stack shown in Fig. 5 , resulting in initially small reflection coefficient of a current wave at the bottom of the stack, predicted by numerical calculation [17] . Fig. 11 shows the influence of the return-stroke model in calculating the induced voltages. In this comparison with measured waveforms in Fig. 3 , the voltage waveforms at both ends calculated by assuming 100 m=s of the return-stroke velocity and 10 mS/m of ground conductivity agree with measurement irrespective of the adopted model of a return stroke. Figs. 12 and 13 show similar comparison with measured waveforms in Fig. 4 by changing the assumed return-stroke velocity at TLM or TCSM. Ground conductivity is assumed to be 10 mS/m. Regardless of the adopted models of a return stroke, the return-stroke velocity little influences the calculated waveforms, and the calculated waveforms are in good agreement with measurements. The above result means that for the configuration of the experimental site in Fig. 1 , the fields generated by the lightning channel attached to the stack little influence the induced voltages on the test distribution line.
VI. CONCLUSION
Correlated measurements of induced voltages on a test distribution line and lightning currents to a high stack showed that the measured induced voltages were influenced by the finite ground conductivity. The 200-m high stack and a lightning channel is modeled to determine the spatial and temporal distribution of lightning current, and calculated induced-voltage waveforms in the first several microseconds are in good agreement with measurements. The influence of the stack on the induced-voltage waveforms is clearly shown, and both TLM and TCSM turn out to be useful in predicting induced voltage associated with a negative lightning stroke to a tall structure in winter.
